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INTRODUCTION 
As composite components age, the ability to detect progressive failure events 
becomes a critical reliability issue. This study investigates the nondestructive 
characterization of fiber-reinforced-polymeric (FRP) materials that are being subjected to 
accelerated load tests as part of a program to determine the long-term behavior of these 
materials for potential use in highway structures. The application of these materials to large 
scale highway systems will be radically different from those in other industries. FRP 
materials are subjected to a variety of mechanical loads (such as creep, impact, and fatigue) 
in different environmental conditions. Nondestructive evaluation techniques are used to 
establish material base-lines and are used to monitor damage progression. The fundamental 
goal of this study is to develop models that can predict the long term behavior of FRP 
materials and structures. 
This project consists of three distinct phases. The first phase consists of specimen 
tests. In this phase, small "coupon" specimens of the FRP material are mechanically and 
nondestructively tested to determine the physical properties. Variation of the physical 
properties between specimens is noted. The second phase contains component testing. In 
this phase structural components (I -beams, box cross section, plates, channels, etc.) of the 
FRP material are individually tested mechanically and nondestructively. The physical 
properties obtained in the second phase are compared with those from the coupon tests. The 
third phase consists of full scale tests. In this phase, a full scale FRP structure (bridge) is 
built and tested mechanically and nondestructively. 
The multiple phases of this project involve several different kinds of mechanical tests 
on differing specimen geometries. The nondestructive evaluation method selected for one 
specific set of mechanical tests is not necessarily applicable to another set of mechanical 
tests. For this reason, multiple nondestructive evaluation methods are implemented. The 
NDE method depends on the particular application. For several sets of mechanical tests, 
more than one nondestructive evaluation method is employed in order to gain the maximum 
amount of information from the tests. 
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MATERIALS 
The material being investigated in this study is a glass fiber reinforced thermosetting 
resin. The specimens are pultruded structural members ( I-beam, box cross section, plates, 
etc.) with thickness ranging from 0.125" to 0.75". The quality of the parts, as well as the 
consistency between specimen, are evaluated in preliminary studies. These studies show 
that a great deal of inconsistency exists between specimen which (externally) appear 
identical. C-scans, performed with a driving frequency of 5 MHz, show significant 
differences between specimen which had been cut from adjacent locations on a larger 
structural member. An example of this may be seen in Figure 1. These C-scans were made 
on two specimens cut from the same pultruded plate. An appreciable amount of 
inconsistency between the specimens may be seen. It may also be noted that the overall 
quality of the specimens is somewhat questionable. However, the purpose of this project is 
to evaluate the existing materials and characterize its mechanical properties, not to alter the 
given material. 
The material provided by the manufacturer was stated to have a fiber volume percent 
in the range of 30%. Knowledge of the actual fiber volume percent is necessary in order to 
calculate the theoretical mechanical properties of the FRP material. Any significant variation 
of the fiber volume percent can cause drastically differing physical properties between 
apparently identical specimens. Tests are conducted to determine the actual fiber volume 
percent, and the spatial variation of the fiber volume percent. These tests are conducted in 
accordance with ASTM D 2584, "Standard Test Method for Ignition Loss of Cured 
Reinforced Resins. " 
Preliminary results show appreciable variation of fiber volume percent in coupon 
specimens cut from adjacent locations on a larger structural member. An example of this 
variation may be seen in the case of six I" Xl" coupon specimens which were cut from 
adjacent locations in a 1/2" thick pultruded plate. The fiber volume percents in these 
specimen ranged from 32% to 43% with an average of 36% and a standard deviation of just 
less than 4 %. This amount of variation in fiber volume percent is large enough to cause 
significant variations in the physical properties of the specimens. Further tests will 
determine the spatial variation of the fiber volume percent. That is, it will be determined if 
any locations in a given component cross section are generally fiber rich or fiber deprived 
regions. These tests will also determine the spatial locations in which voids are the most 
common. The knowledge of the areas most likely to posses voids will be useful when 
nondestructively evaluating a component. 
MECHANICAL TESTS 
Several types of mechanical tests are being conducted on the FRP specimens. 
Specifically, fatigue, impact, tensile to failure, compression to failure, and creep tests are 
being conducted. Since this project is concerned with the long term behavior of these 
materials, a number of these tests will be conducted under "accelerated" conditions. 
Accelerated test methods are being conducted by varying the temperature and humidity in the 
previously mentioned mechanical tests. The effects of ultra-violet radiation are also being 
examined. 
NONDESTRUCTIVE EVALUATION ME1HODS BEING USED 
Ultrasonic Awlications 
Ultrasonic C-scans are useful in all phases of this project. C-scans are used for the 
preliminary inspection and comparison of coupon specimens. C-scans are being used to 
monitor damage progression in impact and fatigue specimens. C-scans may be used to 
gauge the amount of consolidation within the specimens. Relationships between the relative 
consolidation and the tensile (as well as the compressive) strain to failure are being 
developed. Relationships between the relative consolidation and the fatigue and creep 
properties are also being explored. 
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The current C-scan system being used is a Physical Acoustics UltraPac II immersion 
system. Since this system is an immersion system, in-progress monitoring can not be 
performed on the specimens. Contact, water-jet, and optical systems are being investigated 
to perform in-service monitoring of damage progression in the coupon and component tests. 
The systems which do not require immersion also have applications for the large scale 
testing required in the third phase of this project. 
A problem with C-scanning the FRP specimens and components is the rather large 
thickness through which the elastic wave must propagate. The FRP material rapidly 
attenuates the elastic waves. Consequently, in order to penetrate the thick specimens, a 
lower driving frequency must be used. The lower driving frequency has a longer wavelength 
which is less likely to be attenuated. Unfortunately, the lower driving frequency results in a 
loss of resolution (See Figure 2). The loss of resolution increases the size of the minimum 
detectable defect. Equation 1 may be used determine the wavelength of the ultrasonic signal: 
A = C 
f 
(1) 
where C = longitudinal wave speed, f = driving frequency, and A = wavelength. The 
minimum guaranteed detectable defect is directly related to the wavelength. For any given 
longitudinal wave speed, and driving frequencies of 5 MHz and 1 MHz, the wavelength may 
be seen to change by a factor of 5. The corresponding loss in minimum detectable defect 
size also changes by a factor of 5. 
Ultrasonic methods are being explored for the nondestructive determination of the 
physical properties of the FRP materials. A method for determining the components of the 
stiffness matrix, [C], from the longitudinal and transverse wave speeds of various specimen 
orientations is being investigated. A nonintrusive ultrasonic technique which implements 
laser generation of the ultrasonic signal, as well as detection by laser interferometry, is being 
tested. The results obtained from such measurements are highly dependent on the spatial 
location. Consequently, methods for determining the "global" physical properties from such 
local measurements are also being investigated. 
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Lower Frequency, 
longer wavelength, 
signal not as likely 
to detect "dots" 
(will get less resolution) 
Higher Frequency, 
shorter wavelength, 
signal more likely to 
detect "dots" 
(will get better 
resolution) 
Figure 2 - Loss of resolution with an increase in signal frequency 
X-Ray Techniques 
X -ray techniques are useful in many of the same cases where ultrasonic C-scans are 
used. However, due to the difficulty associated with using an x-ray system for in-service 
applications, the x-ray techniques (in this project) are only used for the monitoring of 
damage progression in impact and fatigue specimens. Comparisons between the damage 
observed using ultrasonic and x-ray techniques are made. 
Acoustic Emission 
Acoustic emission (AE) signals are essentially transient elastic waves caused by the 
rapid release of energy due to the initiation or propagation of defects within the specimen. 
The monitoring of these acoustic emission signals (amplitude, time of occurrence, etc. ) can 
indicate the type of damage occurring. However, the absence of AE signals does not 
indicate that no damage is present, it merely shows that the state of stress is not sufficient to 
cause the creation of new defects or the growth of existing defects. 
Acoustic emission techniques are implemented for the "in-progress" monitoring of 
fatigue tests. Acoustic emission techniques are employed in the coupon, component, and 
full-scale testing. Acoustic emission techniques could be implemented for monitoring the 
creep tests. However, this may not be very practical due to the extreme length of time over 
which the creep tests occur (months to years), and hence the possible long time between 
acoustic emission events. The applicability of acoustic emission monitoring of creep tests 
performed under accelerated conditions is being explored. 
Thermography 
Thermographic techniques are being considered for several applications in this 
project. The most probable use for the thermographic techniques is in the observation of 
damage progression in impact specimens. The externally applied thermal field (EA'IF) 
method, which uses a heat source applied to one side of the specimen and an infrared 
imaging camera on the far side of the specimen to observe anomalies in the specimen's 
surface temperature, is to be used. This method is being investigated as an alternative to 
ultrasonic C-scans and x-ray techniques, due to its low cost and the shorter time required to 
perform the tests. 
Thermography is also being explored as part of a NDE "package" which may be 
used for testing the full-scale structure. This method would allow large areas to be evaluated 
rapidly. The areas found to have defects larger than some predetermined critical size could 
be evaluated more closely with another NDE method. The disadvantage of this technique is 
that difficulties are often experienced with thicker specimens. This problem must be 
addressed before utilizing thermography as part of the NDE package. 
Vibrational Analysis 
Vibrational analysis is based on the fact that defects cause the natural frequency of a 
specimen to be changed. Defects may also cause changes in the mechanical damping 
characteristics of a specimen. These changes in natural frequency and damping 
characteristics may be used to detect the presence of, and in some cases locate and quantify, 
defects. 
Vibrational techniques will be used in this project as part of a NDE package for 
investigating large-scale structures. The vibrational techniques have the benefit of being a 
rapid testing method. However, relatively small defects have little effect on the natural 
frequency and damping characteristics of the large structure as a whole. For this reason, 
vibrational testing must be conducted on individual components to determine the extent of 
local damage. Once defects are detected, another (more sensitive) method may be used to 
investigate the defective region more closely. 
Note that the damage will be detected by changes in relative natural frequency and 
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damping characteristics of each individual structural component, since the vibrational 
characteristics of each component depend on its specific boundary conditions. This means 
that all of the vibrational characteristics would essentially be normalized to the component's 
characteristics at some initial time. Consequently, the components would need to be 
inspected by some other NDE technique prior to installation, to make sure that defects are 
not present in the initial structure. 
CONCLUSION 
The goal of this project is to develop methods for determining the long term behavior 
of FRP components and structures. Several types of mechanical tests are used to evaluate 
the physical properties of the FRP materials on the coupon, component, and large (full scale 
structure) scales. Accelerated test methods are used in many of the mechanical tests. The 
varying mechanical testing methods necessitates the use of more than one nondestructive 
evaluation technique. 
Several NDE methods are used to observe the evolution of damage on the coupon 
and component scales. The primary methods used are: ultrasonics, acoustic emission, x-
ray, and thermography. A method for nondestructively determining the elastic properties of 
FRP material using a noncontact laser generation / laser detection ultrasonic technique is 
being investigated. A nondestructive evaluation package of several "overlapping" techniques 
is being developed for the evaluation of the full scale structure. 
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